Background: The role of an individual's social network satisfaction (SNS) in the association of social isolation or living alone and incident type 2 diabetes (T2D) is unclear. We assessed the association of SNS with incident T2D and analysed potential modifications of the SNS-T2D association by social isolation or living alone. Methods: The study population (N = 6839 aged 25-74 years without diabetes at baseline) derived from the prospective population-based MONICA/KORA study . Social network satisfaction was assessed by a single item. Cox regression was used to estimate hazard ratios (HR) for SNS separately in men and women. Results: In men with low SNS, risk for incident T2D increased significantly (HR: 2.15, 95% CI: 1.33-3.48, p value 0.002). After additional adjustments for social isolation or living alone, the risk for incident T2D was still significant, albeit less pronounced (HRs 1.85 or 2.05, p values 0.001 or 0.004). The interaction analysis showed an increased T2D risk effect for low SNS compared to high SNS in women living in a partnership (HR: 2.11, 95% CI: 1.00-4.44, p value for interaction: 0.047) and for moderate SNS compared to high SNS in socially connected women (1.56, 1.01-2.39, 0.010). Conclusions: Further research is needed to address the complexities of the perception of social relationships and social interactions, or interdependence, especially when another major public health issue such as T2D is concerned.
Background
There is a growing body of research indicating the health risks of social isolation and loneliness [1] . Isolated individuals are at higher risk of increased morbidity and mortality, hospitalisation or poor cognitive function compared to those who are more socially integrated [2, 3] . These findings relate to the effects of objective social network support, but also for perceived (subjective) loneliness [1, 4] .
Sex differences in social networks and social support have been discussed in previous studies [5] [6] [7] [8] . There is consensus that women have a greater number of close relationships than men [9, 10] . However, it is debated whether women [11] or men [9] have more extensive social networks. Furthermore, sex has an important influence on support-relevant social interactions, and can have important effects on seeking and giving of social support in personal relations: women provide more emotional support to both men and women, and they receive more help in return [12] . It has also been found that sex moderates the association of social support and e.g. physical health, life satisfaction or vulnerability [5] .
A limited number of population-based studies has suggested sex-specific associations of incident type 2 diabetes mellitus (T2D) and social relationships, or the lack thereof: Increased risk for incident T2D was associated with poor structural social support [13] and living alone [14] in men, and with low emotional support in women under work stress [15] and living without a current partner in women above the age of 70 years [16] . Furthermore, in women with impaired glucose tolerance (IGT), living alone was a risk factor for progressing to T2D [17] .
Moreover, in subjects suffering from T2D, social support was associated with better self-rated health [18] and identified as a significant factor in the successful adaption of life-style changes [19, 20] .
However, it remains unclear whether an individual's satisfaction with their social network (SNS) plays a role in the association of lacking social relationships and incident T2D. Some socially isolated individuals may easily adapt to their few social contacts or even be satisfied with it, whereas others may be dissatisfied with their social network despite a large number of social contacts [4] . This unsatisfactory situation might be experienced as a constant stress burden with devastating consequences for the individual's health [21] .
Until now, no study has analysed whether a lack of social relationships affects the association between an individual's SNS and incident T2D. We hypothesize that the SNS-T2D association is modified by living alone or social isolation, two established measures for the lack of social relationships. Thus, we (i) assess the association of SNS with incident T2D and (ii) analyse potential modifications of the SNS-T2D association by social isolation or living alone.
Due to the disparity between the sexes regarding the associations of social integration with T2D described above, we a priori performed all analyses separately for men and women.
Methods

Study design
Data were derived from the population-based Monitoring of Trends and Determinants in Cardiovascular Disease Augsburg (MONICA) studies [22, 23] : Three independent cross-sectional surveys covering the region of Augsburg (southern Germany) were carried out in 1984/1985 (S1), 1989/1990 (S2) and 1994/1995 (S3). Altogether, 13,426 individuals aged 25-74 years participated in at least one of these surveys.
Incident cases of T2D were assessed within the framework of Cooperative Health Research in the Region of Augsburg (KORA) using follow-up questionnaires in 1987/1988, 1997/1998, 2002/2003 and 2009 [24] .
Social network satisfaction (SNS) was assessed in S2 and S3 (n = 9404). Participants with prevalent T2D or with other types of diabetes at baseline (n = 465) were excluded from the analyses leading to a source population of 8939 participants. Furthermore, we excluded participants with missing information on SNS, living alone or social network index (SNI) (n = 1082), on any of the variables at baseline required for the main analyses (n = 1138) and on T2D status at follow-up (n = 411). This lead to a final study population of 6839 participants aged 25-74 years without prevalent diabetes at baseline (3569 men, 3270 women).
The study follows the STROBE guidelines for observational studies [25] .
Assessment of exposure: social network satisfaction, living alone, social isolation Social network satisfaction (SNS) was assessed by a single item "Overall, how satisfied are you with your relationship to friends and relatives?" ("very satisfied", "more or less satisfied "and "not very satisfied", labelled as "high", "moderate" and "low" SNS in the present analyses).
Living alone was assessed by asking the marital status. Participants answering unmarried and living alone, married but living separated, divorced or widowed were defined as living alone, otherwise as not living alone (yes/no).
Social support was assessed using the Social Network Index (SNI) [26] and was dichotomized: individuals with a score of 1 or 2 were categorized as socially isolated, individuals with a score of 3 or 4 were categorized as socially connected [27] . The dichotomized score indicates poor structural support versus good structural support [13] .
Assessment of confounders
Baseline information on sociodemographic variables, smoking habits, alcohol consumption, physical activity level, and sleep complaints was obtained in standardized personal interviews conducted by trained medical staff. All participants underwent an extensive standardized medical examination (including the assessment of BMI, hypertension and dyslipidaemia). All measurement procedures are described elsewhere in detail [24, 28] ,
Sociodemographic risk factors
Participants were classified to have a low educational status if they completed less than 12 years of schooling.
Behavioural risk factors
Information on smoking habits (never, past only, occasional, or regular) was provided by the participants. Assessment of alcohol intake was based on questionnaire data regarding weekday and weekend consumption of beer, wine and spirits. Study participants were asked about leisure time physical activity during winter and summer; they were classified as physically active if they exercised on average ≥ 1 h/week throughout the year (summer and winter).
Clinical risk factors
BMI was calculated as weight in kg divided by height in m2. Actual hypertension was defined as blood pressure values ≥140/90 mmHg and/or use of an antihypertensive medication. Dyslipidaemia was defined as a ratio of total cholesterol to high-density lipoprotein cholesterol ≥5.0.
Psychosocial risk factors
Sleep complaints were items regarding difficulties initiating sleep and difficulties maintaining sleep and were adopted from the Uppsala Sleep Inventory [29] . Participants were coded as having sleep complaints if they stated to have at least one of these difficulties often. Depressed mood was assessed using the depression and exhaustion subscale (DEEX) from the von Zerssen checklist [30] . It combines eight items (fatigue, tiredness, irritability, loss of energy, difficulty concentrating, inner tension, nervousness, anxiety) ranging from 0 to 3, leading to a Likert-like scoring range of 0 to 24 [31] . Participants in the top tertile of the depressive symptom distribution stratified by sex were considered as suffering from depressed mood.
Assessment of incident type 2 diabetes
Incident cases of T2D were assessed in the follow-up. Self-reported T2D and the date of diagnosis were validated by hospital records or contacting the participants' treating physicians. The hospital records of those deceased during the follow-up period without a diagnosis of T2D at baseline were examined and their last treating physicians were contacted [24] .
Statistical analyses
All analyses were performed separately for men and women. For unadjusted analyses, the chi-squared test was used to assess the association between categorical variables. Crude incidence rates for T2D were calculated by the number of incident T2D cases observed during the follow-up period divided by the sum of follow-up years of each person (person-years method). Cox regression was used to estimate hazard ratios (HR) for SNS. Potential confounding variables were chosen before the analyses driven by theoretical reasons. The proportional hazard assumption was confirmed for each variable by parallel curves when plotting the log(−log(survival probability)) for log (survival time).
All models were adjusted for age and survey (model 1), age, survey and cardiometabolic risk factors (model 2), age, survey, cardiometabolic risk factors and psychological risk factors (model 3) and additionally for social isolation (model 4) or living alone (model 5). Additionally, we ran model 3 with social isolation or living alone as exposure instead of SNS and compared their estimates with model 4 or model 5 (which included SNS as well).
To assess potential modifications of the association of SNS and incident T2D by social isolation or living alone, the respective interaction terms were included in the Cox models described above.
As sensitivity analysis, we repeated the logistic regression by applying an inverse probability weighting (IPW) approach [32] using weights stratified for age group (10-year intervals), sex and survey to deal with missing information in the source population (n = 8939). By this weighting, the analyses are based on the age, sex and survey distribution of the source population reducing potential bias of missing information which was mainly driven by age and sex. Robust variance estimations appropriate to the weighting scheme were computed using the SAS procedure SURVEYLOGISTIC.
For all statistical analyses, a p value <0.05 was considered to be statistically significant. SAS Version 9.2 for Windows (SAS Institute, Cary, NC) was used for all statistical analyses.
Results
Descriptive analyses
The study population comprised of 3569 men and 3270 women; mean age (standard deviation) was 48.0 years (±14.0) in men and 46.6 years (±13.3) in women. Additional file 1: Table S1 provides an overview of the distribution of study characteristics in men and women.
Overall, low social network satisfaction was more pronounced in men than in women (p < 0.001); in men, unsatisfying SNS was reported by 3.7% (low SNS) and 52.6% (moderate SNS) compared to proportions of 2.9% and 44.6% in women.
The association of living alone and social isolation with SNS in men and women is shown in Table 1 . A substantial proportion of participants reported high SNS, despite living alone (46.5%) or being socially isolated (37.0%).
Crude incidence rate by SNS
Over a mean follow-up time of 14.0 years (standard deviation 4.7), a total number of 551 incident T2D cases (men: 333, women: 218) were observed. Among men, crude incidence T2D rates of 6-7 (high or moderate SNS at baseline) and 11 (low SNS at baseline) per 1000 person-years were observed. Among women, crude incidence rates of 4-5 (high or moderate SNS) and 6.7 (low SNS) per 1000 person-years were observed.
Cox regression -main analyses
In men, the Cox regression revealed a significant increase in incident T2D for participants with low SNS compared to high SNS in all models ( Table 2 ). In women, no significant associations were found. When running the model with social isolation or living alone as exposure instead of SNS, we found that the association of social isolation or living alone and incident T2D was only marginally confounded by low SNS: for social isolation, the HRs were 1.42 (95% CI: 1.14-1.77, p value 0.002) in a model without SNS and 1.39 (95% CI: 1.11-1.74, p value 0.004) with additional adjustment for SNS. Regarding living alone the respective estimates were 1.62 (95% CI: 1.22-2.15, p value 0.001) vs. 1.59 (95% CI: 1.20-2.12, p value 0.001).
Cox regression -interaction analyses
In men, no significant modification of the SNS-T2D risk association by social isolation or living alone was estimated (data not shown).
In women, however, the interaction analysis showed an increased T2D risk for low SNS compared to high SNS in women living in a partnership in all models (Table 3) , even in the fully adjusted model 3 (HR: 2.11, 95% CI: 1.00-4.44, p value for interaction: 0.047). Furthermore, the interaction analysis showed an increased T2D risk effect for moderate SNS compared to high SNS in women reporting being socially connected (Table 3 ; fully adjusted model 3: HR: 1.56, 95% CI: 1.01-2.39, p value for interaction 0.010).
Sensitivity analysis
We repeated the logistic regression by applying an inverse probability weighting (IPW) approach [32] using weights stratified for age group (10-year intervals), sex and survey to deal with missing information in the source population (n = 8939). These weighted analyses revealed comparable findings; HRs for high SNS versus low SNS in model 3 were 2.17 (95% CI 1.40-3.36, p value 0.001) in men and 1.23 (95% CI 0.66-2.31, p value 0.517) in women. Further adjustment for social isolation (model 4) and living alone (model 5) gave similar estimates as displayed in Table 2 (HRs 1.86 and 2.06, p values <0.01). Significance remained in the interaction analyses using this IPW approach (p for interaction regarding SNS were 0.018 instead of 0.010 in the unweighted analyses and regarding living alone 0.036 instead of 0.047, all in model 3).
Discussion
Findings of the main analyses
Overall, low SNS was associated with an increased risk for incident T2D in community-dwelling, middleaged men. Adjustment for known cardiometabolic (smoking, alcohol consumption, physical inactivity, obesity, hypertension, dyslipidaemia) and psychological risk factors (sleeping complaints, depressed mood) further strengthened this association. Additional adjustment for social isolation or living alone attenuated the association of low SNS and incident T2D, but significance remained. Apparently, the unfavourable perception of one's social network (as indicated by the low SNS) leads to a sustained stress burden. Previous studies have shown that chronic stress significantly contributes to an increased T2D risk [21, 33, 34] . We assume that the more public spheres men prefer for social contacts do not serve as adequately as confidants as the more multifaceted networks preferred by women [35] . Interestingly, the association of social isolation or living alone on incident T2D remained stable if low SNS was taken into account, indicating a low confounding of these effects by SNS.
Findings of the interaction analyses
In men, no significant modification of the effect of low SNS on incident T2D risk was found, i.e. this association remained stable no matter whether the participant was socially isolated or not, or lived with a partner or not.
In contrast, the interaction analysis showed that in women the association of SNS and incident T2D was modified by social isolation and living alone: In women living in a partnership or being socially connected, the risk for incident T2D increased when satisfaction with the social network was low or moderate. The high emotional and psychological costs of maintaining a partnership or social network, despite the individual's dissatisfaction with either of it, may lead to a sustained chronic stress situation and depression, possibly contributing to incident T2D. The underlying reason for this effect modification might be that the quality of the social network plays a very important role for women [36, 37] and that women generally have more and closer contact with their social network than men [38] . Social networks of family and friends are a supposed to be a source of support and associated with higher life-satisfaction [39] . However, they can also be associated with a greater level of stress, higher exposure to disputes or even lower self-esteem [40] . Thus, we argue that not only the size of a network, but also its quality may play an important role in the physical and mental health of an individual. The presence of a partner may not outweigh the absence of a satisfying social network, especially if there are conflicts with the partner. Previous research has shown that women who "self-silenced" during conflict had a four times higher mortality risk than women who did not self-silence [41] . Self-silencing is defined as the tendency to silence one's thoughts and feelings to maintain safe relationships. Self-silencing thoughts and feelings can precipitate an overall self-negation through progressive devaluation of one's own thought and beliefs [41] and thus, contribute severely to a constant stress-burden.
Implications
Asking diabetic patients about living alone may be a useful starting point for understanding an individual's social support [42] . However, this question alone does not offer a complete picture of an individual's social relationships and the satisfaction with them [43] : SNS is an independent stress factor and thus, the patients' satisfaction with their social network should be taken into account. The challenge for health professionals might be to find out whether a diabetic patient with very few social contacts is satisfied with this situation -has even chosen it -or not, and thus, envision different approaches to diabetes care and management. Clinicians and researchers need to ask more specific and detailed questions about individuals' actual and perceived social support in order to identify subjects at highest risk for adverse health outcomes. Asking solely about chronic diseases or solely about living alone is bound to miss important and independent risk factors for adverse outcomes.
Limitations and strengths
The strengths of the study are the population-based prospective design, the large sample size, and the long follow-up. Quality control in the MONICA/ KORA studies was assured by extensive operation manuals, training and certification of interview and examination personnel, a pilot study well in advance of the main study, and an external quality assurance audit. Internal quality control was performed to regularly monitor all relevant aspects of data acquisition. All assessments were standardized. As limitation, all characteristics including social isolation were measured at baseline only. Moreover, SNS was assessed by a single item only. Furthermore, we cannot exclude reverse causality, i.e. that participants suffering from T2D report increased social isolation because their health condition limits their social contacts. Although the assessment of diabetic status was meticulously carried out, some of the non-diabetic participants might in fact have undetected diabetes. Although we controlled for the main diabetes-related risk factors, we cannot exclude some unmeasured or residual confounding (e.g. cultural and/or immigration background, or health and social inequalities).
Conclusions
Low social network satisfaction is an independent predictor of type 2 diabetes in men. In women, the presence of a partner may not outweigh the absence of a satisfying social network. Thus, specific attention should be given to women who are dissatisfied with their social network. Further research is needed to address the complexities of the perception of social integration, social interactions, or interdependence, especially when another major public health issue such as T2D comes into the picture.
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